Introduction
Nanoporous carbon materials, especially with heteroatoms (such as nitrogen) doping, have attracted intensive interest due to their thermal and chemical stability, excellent electrical conductivity, high specic surface area and various applications including adsorption and separation, catalysis, energy conversion and storage. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Recently, metal-organic frameworks (MOFs) have been intensively used as excellent carbon precursors to synthesize nanoporous carbon materials via direct carbonization without using auxiliary templates. [14] [15] [16] [17] Especially, MOFs assembled from metal nodes and N-rich organic ligands (such as zeolitic imidazolate frameworks, ZIFs, a subclass of MOF) can be converted to nanoporous N-doped carbon with a high N content. [18] [19] [20] [21] Furthermore, some metal (such as Fe and Co) nodes could also be incorporated into carbon via coordination with nitrogen atoms, resulting in the metal/N-doped carbon materials.
22-26
Such metal/N-doped nanoporous carbons have been regarded as a promising nonprecious metal catalyst with low-cost, high efficiency and excellent durability to replace Pt for the oxygen reduction reaction (ORR), an important electrode reaction with sluggish reaction kinetics in fuel cells and metal-air batteries. [27] [28] [29] [30] [31] [32] In addition, combining MOFs with graphene oxide (GO), their derived carbon composites (nanoporous carbon/reduced graphene oxide, rGO) exhibit enhanced electrochemical performance due to the increased electrical conductivity and density of active sites. [33] [34] [35] [36] [37] [38] And consequently, various MOF materials have been grown or mixed with GO to prepare MOF/GO composites as a new kind of carbon source. Some of these MOF/GO composites have been explored as carbon precursors for the fabrication of highperformance electrocatalysts for the ORR, oxygen evolution reaction (OER) and hydrogen evolution reaction (HER).
inhomogeneous distributions of MOF particles on the GO and a large crystal size (>50 nm). [33] [34] [35] [36] [37] As a result, their synergetic enhancement of catalytic performance is limited due to the inhomogeneous structure.
To fully explore their catalytic activity for the ORR, MOF/GO derived carbon composites should have a nanoporous structure for the fast mass transport, high content of active sites (such as N-doping carbon and M-N-C, M ¼ Fe and Co), high specic surface area for exposing as many as active sites, and excellent electrical conductivity for fast electron transfer. To meet these requirements, one of the most promising nanostructures is an MOF/GO/MOF sandwich-like nanosheet, where MOF crystals should be as small as possible to be uniformly deposited on the GO sheet with high density. The sandwich-like MOF/GO/MOF derived carbon composites will retain the nanosheet morphology due to the protection of the MOF crystal layer during the carbonization process, which is benecial to the fast mass transport. The rGO obtained from high-temperature carbonization of GO will enhance the electrical conductivity of the composites, which is required for fast electron transfer. Most importantly, the close-packing of MOF nanocrystals on GO can lead to a high-density of active sites distributed on rGO as the active sites are formed by the carbonization of MOF. Recently, the sandwich-like ZIF-8/GO/ZIF-8 composites with ZIF-8 nanocrystals deposited on GO uniformly have been synthesized and further demonstrated to be good precursors for the fabrication of N-doped carbon nanosheets with high catalytic performance for the ORR. 33, 38 However, ZIF-8, assembled by using zinc nodes and 2-methylimidazole ligands, cannot provide Fe (or Co) species to fabricate high-performance M-N-C (M ¼ Fe and Co) active sites, resulting in lower catalytic activity than M-N-C (M ¼ Fe, Co)-based catalysts.
ZIF-67, composed of cobalt nodes and 2-methylimidazole ligands, can be converted to porous carbon with an abundance of Co-N-C active sites. It's promising to fabricate high-performance catalysts by depositing ZIF-67 crystals on GO nanosheets to fabricate sandwich-like ZIF-67/GO/ZIF-67 composites as a catalyst precursor. However, due to the weak interactions between ZIF-67 seeds and GO, as well as the fast growth kinetics of ZIF-67, GO has very limited effects to restrict the growth of ZIF-67. As a result, ZIF-67 crystals directly deposited on the GO sheet usually show inhomogeneous distributions and a large crystal size via the direct growth route, which would hinder the effective utilization of active sites (Co-N-C) (Fig. 1a) . 33, 34 It's desirable to develop a method to deposit Co-based MOFs (such as ZIF-67) on GO uniformly for the fabrication of highly efficient electrocatalysts. In addition, several studies have recently proven that the carbon composites derived from bimetallic ZIFs with different ratios of Zn/Co exhibit higher catalytic performance than sole metalcontained MOFs. [39] [40] [41] Such bimetallic ZIFs show two kinds of metal ions homogeneously distributed in the framework, which can effectively combine the advantages of carbon derived from ZIF-8 (such as high surface area and high N content) and ZIF-67 (such as high graphitization degree and high content of Co-N-C active sites). The design of novel MOF composites with core-shell structures and tuneable compositions is benecial for tailoring the properties of the derived catalyst, further improving the catalytic performance. However, there are very few studies using the core-shell structured MOFs, especially the GO/core-shell structured MOF composites, as a carbon precursor for the fabrication of carbon-based electrocatalysts.
42,43
Herein, we develop a ZIF-8 seed-mediated deposition route to synthesize MOF/GO/MOF sandwich-like nanosheets, where the core-shell structured ZIF-8@ZIF-67 nanocrystals were deposited on GO uniformly (Fig. 1b) . This ZIF-8 seed-mediated deposition route includes two steps. First, ZIF-8 seeds are deposited on the GO sheets directly. Due to the strong interactions between the metal clusters from ZIF-8 and the oxygencontaining groups from GO, as well as a moderate crystal growth rate, ZIF-8 can be readily deposited on both sides of the GO sheet to form a ZIF-8/GO/ZIF-8 sandwich-like structure. Then, ZIF-67 crystals are selectively deposited on the surface of ZIF-8 seeds due to the similar crystal structure and unit cell parameter. As a result, the core-shell structured ZIF-8@ZIF-67 crystals are deposited on GO nanosheets uniformly and compactly to form a ZIF/GO/ZIF sandwich-like structure. Aer further carbonization and the acid etching process, ZIF/GO/ZIF can be converted to cobalt nanoparticles/N-doped porous carbon nanosheets, which exhibit a high onset potential ($0.93 V vs. the RHE), large kinetic current density ($101 mA mg À1 at 0.80 V vs. the RHE) and excellent stability. We further demonstrate that the carbon materials derived from GO/coreshell structured ZIF-8@ZIF-67 composites show better catalytic performance than those from both GO/ZIF-8 and GO/ZIF-67 due to the advanced core-shell structure. As far as we known, it's the rst example to use GO/core-shell structured MOF sandwichlike composites as a precursor for the fabrication of advanced carbon materials for electrocatalysis.
Results and discussion
To compare the differences between the direct deposition of ZIF-67 on GO and the ZIF-8 seed-mediated deposition route, ZIF-67 crystals were rstly deposited on GO directly by adding GO solution in the precursors of ZIF-67 (i.e. 2-methylimidazole and cobalt nitrate solution). The obtained samples were denoted as GO/ZIF-67. Scanning electron microscopy (SEM) images of GO/ZIF-67 reveal that the crystal size of ZIF-67 is around 80 nm and the crystals are deposited on the GO sheet inhomogeneously (Fig. S1 †) .
The ZIF-8 seed-mediated deposition method consists of two steps. In the rst step, ZIF-8 seeds were deposited on the GO sheet directly by adding GO solution into the precursors of ZIF-8 (2-methylimidazole and zinc nitrate solution). The obtained samples were denoted as GO/ZIF-8. The SEM image of GO/ZIF-8 reveals that ZIF-8 nanocrystals are distributed on the GO sheets uniformly to form a ZIF-8/GO/ZIF-8 sandwich-like structure (Fig. 2a) . Although the synthesis method for the deposition of ZIF-8 and ZIF-67 is very similar, dramatically different results are obtained, implying that ZIF-8 crystals are more easily deposited on the GO sheets than ZIF-67. As the main differences between ZIF-67 and ZIF-8 are metal nodes (Co for ZIF-67 and Zn for ZIF-8), the different GO/MOF structures obtained here may be due to the different growth rates of the MOF crystals.
In the second step, ZIF-67 crystals were deposited on the GO/ ZIF-8 composites. The obtained samples were denoted as GO/ ZIF-8@ZIF-67. The SEM images of GO/ZIF-8@ZIF-67 show that the MOF crystals are distributed on the GO sheet uniformly, which is similar to that of GO/ZIF-8 ( Fig. 2b and c) , indicating that the deposition process of ZIF-67 doesn't destroy the ZIF/ GO/ZIF sandwich-like structure. By comparing the highresolution SEM images of GO/ZIF-8@ZIF-67 and GO/ZIF-8, the distance between each crystal becomes smaller, revealing the formation of a ZIF-67 shell on the ZIF-8 core (Fig. S2 †) . In addition, different from GO/ZIF-67, a very few large MOF crystals were observed on GO. The transmission electron microscopy (TEM) images and corresponding element mapping were further investigated. The TEM images of GO/ZIF-8@ZIF-67 further reveal that the MOF crystals are deposited on GO uniformly ( Fig. 2d and e) . The corresponding element mapping results prove that both Zn and Co species are distributed in the MOF crystals, indicating the successful deposition of ZIF-67 on ZIF-8 seeds ( Fig. 2f-j) . The overall crystal size of ZIF-8@ZIF-67 obviously decreased compared with that of ZIF-67 directly grown on the GO sheet, indicating that the ZIF-8 seeds could avoid the overgrowth of ZIF-67. Due to the decreased crystal size, more MOF crystals can be deposited on GO, which could obviously increase the density of catalytic active sites for the ORR aer carbonization.
As the MOF crystals on GO are uniform and no other crystals are deposited separately, we presume that the ZIF-67 is selectively deposited on ZIF-8 to form a core-shell structured ZIF-8@ZIF-67. Due to the similar crystal structure and unit cell parameters between ZIF-
44,45 ZIF-67 crystals are more prone to grow on the surface of ZIF-8 seeds during the deposition process. Recently, Tang et al. have demonstrated that ZIF-67 can be readily grown on ZIF-8 crystals to form ZIF-8@ZIF-67 core-shell crystals. 42 The cobalt ions could be preferentially immobilized on the surface of ZIF-8 seeds through the coordination interactions with 2-methylimidazole ligands on the ZIF-8 surface, followed by the growth of the ZIF-67 shell via the interactions between the Co ions and the additive 2-methylimidazole ligands. Following the same principle, ZIF-67 could also be selectively deposited on ZIF-8 seeds with a smaller crystal size (<50 nm) from GO/ZIF-8 composites. The ZIF-8 seeds on GO can mediate the deposition process of ZIF-67, preventing the inhomogeneous deposition and overgrowth of ZIF-67 on the GO sheet. The X-ray diffraction (XRD) patterns of all the GO/MOF and MOF crystals show the same sodalite (SOD) topology with the space group I 43m, revealing that the crystal structure is well maintained during the deposition process of ZIF-8 and ZIF-67 (Fig. S3 †) .
The molar ratio of Co to Zn in the core-shell structured ZIF-8@ZIF-67 can be easily adjusted by changing the concentrations of cobalt nitrate methanolic solution during the deposition process. In a typical synthesis process, the concentration of Co (Fig. S5 †) . When directly depositing ZIF-67 on GO, ZIF-67 materials show a large crystal size and irregular distributions on GO due to the fast growth rate. By contrast, the ZIF-8 mediated deposition method can effectively control the deposition process. As ZIF-8 has a moderate crystal growth rate, it can be easily deposited on GO to form sandwich-like ZIF-8/GO/ZIF-8 composites via coordination interactions between the metal cluster from ZIF-8 and the oxygen groups from GO. Due to the similar crystal structure and unit cell parameter, ZIF-67 can be selectively deposited on ZIF-8 seeds to form a core-shell structured MOF.
Due to the uniform deposition of core-shell structured ZIF-8@ZIF-67 crystals on the GO sheets, the obtained GO/MOF composites could be a good precursor to fabricate highperformance carbon-based catalysts for the ORR. To synthesize carbon materials, GO/ZIF-8@ZIF-67 was treated at 900 C in
Ar followed by acid etching with 2 M HCl to remove exposed cobalt nanoparticles. The sample is denoted as GO/ZIF-8@ZIF-67-900. Aer the carbonization process, the GO was converted to reduced GO (rGO), while ZIF crystals were converted to metal/ carbon nanoparticles on rGO. The SEM images of GO/ZIF-8@ZIF-67-900 show that the nanosheet morphology is retained aer high-temperature carbonization and the acid etching process, indicating that the MOF/GO/MOF sandwichlike nanostructure is thermally stable (Fig. S6 †) . This could be ascribed to the dense layer of MOF nanocrystals, which can retard the restack and agglomeration of GO during the carbonization process. The TEM images of GO/ZIF-8@ZIF-67-900 reveal that the cobalt nanoparticles are embedded in the carbon nanosheets (Fig. 3a) . As cobalt nanoparticles can be easily removed during the acid etching process using 2 M HCl solution, these cobalt nanoparticles loaded in the carbon could be protected by the carbon matrix. The high-resolution TEM image further proves that these cobalt nanoparticles are encapsulated by a few layers of graphitic carbon ( Fig. 3b and S7 †). As the cobalt nanoparticles are fully wrapped by the carbon layers, the acid solution cannot make contact with cobalt species directly to dissolve the cobalt nanoparticles. The element mapping results prove that the nitrogen atoms from 2-methylimidazole ligands are doped in the carbon uniformly ( Fig. 3c-f) . The XRD patterns of GO/ZIF-8@ZIF-67-900 reveal four peaks, which can be ascribed to the (002) diffractions of graphitic carbon and the (111), (200) and (220) diffractions of the cobalt crystal with face-centered cubic (fcc) symmetry from the cobalt nanoparticles (Fig. S8 †) . X-ray photoelectron spectroscopy (XPS) of GO/ZIF-8@ZIF-67-900 shows the existence of C, N, O and Co elements on the surface of the composites, which is consistent with the element mapping results (Fig. 4a) . The high-solution XPS spectrum of N 1s can be tted with two peaks at about 398.62 and 400.67 eV, which are assigned to pyridinic and graphitic nitrogen (Fig. 4b and c) . 42 Their relative contents are 56.58 and 43.42 at%, respectively. The high relative content of pyridinic nitrogen doped in the carbon is desirable as the pyridinic nitrogen could form the active sites (N-C) solely or coordinate with cobalt atoms to form Co-N x -C active sites for the efficient ORR.
46-48 The high-solution XPS spectrum of C 1s reveals that the dominated peak positioned at 284.58 eV is attributed to the C]C bond while the peaks at 285.24 and 287.25 eV are ascribed to the C]N/C-O and C-N/C]O bonds, respectively (Fig. S9 †) . The N 2 sorption isotherms of GO/ZIF-8@ZIF-67-900 show that the Brunauer-Emmett-Teller (BET) surface area and pore volume are 472 m 2 g À1 and 1.6 cm 3 g À1 , respectively (Fig. 4d ). For comparison, GO/ZIF-67-derived carbon composites (denoted as GO/ZIF-67-900) were also synthesized using the same method. The XRD patterns of GO/ZIF-67-900 show typical peaks from graphitic carbon and cobalt, indicating the same compositions as those of GO/ZIF-8@ZIF-67-900 (Fig. S8 †) . The XPS spectrum of GO/ZIF-67-900 also reveals the existence of C, N, O and Co on the surface of materials. However, the N/C ratio of GO/ZIF-67-900 (2.7 at%) is much lower than that of GO/ZIF-8@ZIF-67-900 (8.5 at%) calculated from the XPS results ( Fig. 4c and S10 †) . As is known, the cobalt species is a good catalyst to catalyze the graphitization process of amorphous carbon. In this case, 2-methylimidazole ligands from the MOF Fig. 3 TEM (a-c) and the corresponding element mapping (d-g) images of GO/ZIF-8@ZIF-67-900 prepared by carbonization of GO/ ZIF-8@ZIF-67 at 900 C followed by acid etching. (both ZIF-8 and ZIF-67) would be converted to amorphous carbon and then to graphitic carbon during the carbonization process with the existence of cobalt species. The graphitization process of 2-methylimidazole ligands would lead to the decomposition of the C-N bonds from the ligands, resulting in a low N content. As the MOF crystals from GO/ZIF-8@ZIF-67-900 contain both Zn and Co species, the ratio of cobalt species in the MOF is less than that of GO/ZIF-67-900. As a result, large numbers of the C-N bonds in the core-shell structured ZIF-8@ZIF-67 could be retained during the carbonization process. This result is also consistent with the previous reports. 42 The (002) diffraction peak of GO/ZIF-67-900 is also sharper than that of GO/ZIF-8@ZIF-67-900, which proves that the high content of Co species in GO/ZIF-67-900 is benecial to the graphitization of ligand-derived carbon. The Raman spectra also show that the GO/ZIF-67-900 has a higher graphitization degree than GO/ZIF-8@ZIF-67-900 (Fig. S11 †) . In addition, the ratio of pyridinic nitrogen in GO/ZIF-8@ZIF-67-900 (56.58 at%) is higher than that in GO/ZIF-67-900 (40.75 at%), which is directly related to the catalytic active sites of the ORR (Fig. 4c) . The BET surface area of GO/ZIF-67-900 is 485 m 2 g À1 , which is similar to that of GO/ZIF-8@ZIF-67-900 (Fig. S12 †) . However, GO/ZIF-8@ZIF-67-900 shows a larger pore volume than GO/ZIF-67-900 (1.0 cm 3 g À1 ), which is possibly ascribed to the macropores formed by carbon nanosheets. The ORR performance of GO/MOF-derived catalysts was evaluated using a rotating disk electrode technique. Cyclic voltammetry (CV) curves of all the cobalt/carbon composites synthesized at different carbonization temperatures using GO/ ZIF-8@ZIF-67 as a precursor reveal a clear oxygen reduction peak in the O 2 -saturated KOH (0.1 M) solution, indicating the electrocatalytic activity of the ORR (Fig. 5a and S13 †) . Here, GO/ ZIF-8@ZIF-67-900 was selected as a typical catalyst for further investigation due to the slightly superior performance among these catalysts obtained at different carbonization temperatures. The CV curves of Pt/C (20 wt%, Sigma-Aldrich), GO/ZIF-8@ZIF-67-900, GO/ZIF-67-900 and GO/ZIF-8-900 exhibit the oxygen reduction peaks at 0.81, 0.82, 0.79 and 0.63 V (vs. the RHE), respectively ( Fig. 5a and S14 †) . A high potential of GO/ ZIF-8@ZIF-67-900 indicates high catalytic activity. The linear scan voltammogram (LSV) curves of Pt/C, GO/ZIF-8@ZIF-67-900, GO/ZIF-67-900 and GO/ZIF-8-900 at a rotating speed of 1600 rpm in O 2 -saturated KOH (0.1 M) solution show that their onset potentials are 0.92, 0.93, 0.89 and 0.84 V (vs. the RHE) with the same catalyst loading ($0.1 mg cm À2 ), respectively (Fig. 5b) . The limiting current densities calculated based on the geometrical area of the rotating disk electrode are 5.0, 4.7, 4.3 and 3.1 mA cm À2 at 0.60 V (vs. the RHE) for Pt/C, GO/ZIF-8@ZIF-67-900, GO/ZIF-67-900 and GO/ZIF-8-900, respectively. GO/ZIF-8@ZIF-67-900 shows a higher onset potential and limiting current density than both GO/ZIF-67-900 and GO/ZIF-8-900, indicating a higher catalytic performance. Importantly, GO/ ZIF-8@ZIF-67-900 even reveals a slightly higher onset potential than Pt/C at the same loading (0.1 mg cm À2 ), further proving the high catalytic activity of this kind of nonprecious metal catalyst from GO/core-shell structured MOF composites. The electron transfer number per oxygen molecule (n) for the ORR was calculated from the LSV curves at different rotating speeds (Fig. 5c ). As the rotating speeds increase from 400 to 2500 rpm, the limiting current densities increase and onset potential remains the same. The Koutecky-Levich (K-L) plots of GO/ZIF-8@ZIF-67-900 in the potentials from 0.2 to 0.6 V (vs. the RHE) show good linearity and a similar slope, indicating rst-order reaction kinetics and a similar electron transfer number (Fig. 5d) . The n for GO/ZIF-8@ZIF-67-900 is 3.8-3.9, indicating a dominant 4e pathway for the ORR. The cobalt/carbon composites derived from GO/core-shell structured MOF composites with different molar ratios of Co to Zn were also investigated as catalysts for the ORR (Fig. S15 †) . All the catalysts derived from GO/core-shell structured MOF composites show better catalytic performance than those from GO/ZIF-67 or GO/ZIF-8, further proving the advantage of the core-shell structure.
As both GO/ZIF-8@ZIF-67-900 and GO/ZIF-67-900 are cobalt nanoparticles/N-doped carbon composites, and they even show similar BET surface areas (i.e. 472 m 2 g À1 for GO/ZIF-8@ZIF-67-900 and 485 m 2 g À1 for GO/ZIF-67-900), the catalytic activity of GO/ZIF-8@ZIF-67-900 is obviously better than that of GO/ZIF-67-900. This proves that the unique core-shell MOF structure is benecial to the catalytic performance. ZIF-8 crystals act as a seed, which can facilitate the uniform deposition of ZIF-67 crystals on GO and decrease the overall crystal size of the core-shell structured MOF. As a result, more MOF (ZIF-8@ZIF-67) crystals can be deposited on the GO sheet, which could increase the density of active sites on the reduced GO aer carbonization. Moreover, the core-shell ZIF-8@ZIF-67 crystals show a lower ratio of cobalt atoms than ZIF-67 with pure cobalt ions in the framework, which could partially prevent the decomposition of C-N bonds during the graphitization process, resulting in a high content of N doped in carbon. The high content of N in the carbon materials could form more active sites, resulting in an enhanced performance. GO/ZIF-8@ZIF-67 and GO/ZIF-8 show a similar ZIF/GO/ZIF sandwich-like structure. However, GO/ZIF-8@ZIF-67-900 shows superior catalytic performance than GO/ZIF-8-900 and the carbon nanosheets from GO/ZIF-8 synthesized under the optimized conditions reported previously (Table S1 †) . 38 Both the core-shell structured ZIF-8@ZIF-67 and ZIF-8 nanocrystals are deposited on the GO sheet uniformly. Their derived carbon materials would show a high density of catalytic active sites. However, the cobalt species from the ZIF-67 shell of GO/ZIF-8@ZIF-67 could increase the degree of graphitization and form more efficient Co-N x -C active sites (compared with metalfree N-doped carbon derived from GO/ZIF-8). In addition, the cobalt nanoparticles encapsulated by a few layers of graphite could also enhance the catalytic performance. [49] [50] [51] [52] As far as we have known, it's the rst example to use core-shell structured MOF/GO composites as a new kind of precursor for the synthesis of highly efficient electrocatalysts.
The kinetic current densities normalized to both the geometrical electrode surface area (J k,s ) and the mass of the catalysts (J k,m ) at 0.80 V (vs. the RHE) for Pt/C, GO/ZIF-8@ZIF-67-700, GO/ZIF-8@ZIF-67-800 and GO/ZIF-8@ZIF-67-900 are further investigated. GO/ZIF-8@ZIF-67-900 shows the highest J k,s (10 ). 51 The high mass activity of GO/ZIF-8@ZIF-67-900 is due to the unique nanosheet structure, and high density of active sites distributed on the reduced graphene oxide. The durability of GO/ZIF-8@ZIF-67-900 and Pt/C was investigated via current-time chronoamperometric measurements. Aer 18 000 s of continuous operation, the retention of the initial current for GO/ZIF-8@ZIF-67-900 is 93.7%, which is much higher than that for Pt/C (43.9%), indicating high stability under the alkaline conditions.
The ORR performance of GO/ZIF-8@ZIF-67-900 under the acidic conditions is further investigated (Fig. S16 †) . GO/ZIF-8@ZIF-67-900 also obviously shows an oxygen reduction peak at a potential of 0.64 V (vs. the RHE), which is 150 mV lower than that of Pt/C. LSV curves of GO/ZIF-8@ZIF-67-900 show that the onset potential and limiting current density at 0.4 V (vs. the RHE) are 0.81 V (vs. the RHE) and 5.1 mA cm À2 , respectively.
The electron transfer number is about 3.9-4.0, indicating a dominant 4e pathway for the ORR. In addition, GO/ZIF-8@ZIF-67-900 shows better durability than Pt/C under the acidic conditions. GO/ZIF-8@ZIF-67-900 is among the best of nonprecious metal catalysts reported to date under both alkaline and acidic conditions (Tables S1 and S2 †) . The high catalytic performance of GO/ZIF-8@ZIF-67-900 is ascribed to the following advantages. First, the MOF/GO/MOF sandwich-like nanosheets are an excellent precursor to fabricate the Ndoped carbon/graphene/N-doped carbon nanostructure, which facilitate the fast mass transport and electron transfer required by the ORR. Secondly, the high density of small ZIF crystals deposited on GO could lead to carbon materials with a high density of active sites (such as N-doped C and Co-N-C). Thirdly, the cobalt/carbon composites derived from core-shell structured ZIF-8@ZIF-67 crystals combine the advantages of both ZIF-8-derived carbon (such as high N content) and ZIF-67-derived carbon (such as high graphitization degree and highly efficient Co-N-C active sites). As a result, cobalt/carbon composites with high content of N doping, good conductivity and plenty of active sites were fabricated using the GO/coreshell structured MOF as a precursor.
Conclusions
In summary, we develop a ZIF-8 seed-mediated deposition route to synthesize MOF/GO/MOF sandwich-like nanosheets with core-shell structured MOF (ZIF-8@ZIF-67) crystals distributed on GO uniformly. Due to the moderate growth rate of ZIF-8 and metal-oxygen binding between ZIF-8 and GO, ZIF-8 nanocrystals can be readily deposited on GO uniformly. ZIF-8 crystals are further used as seeds to mediate the deposition process of ZIF-67 owing to their similar crystalline structure and unit cell parameter. By contrast, ZIF-67 directly deposited on GO shows a large crystal size and inhomogeneous distributions on GO due to the fast growth kinetics of ZIF-67. This ZIF-8 seed-mediated deposition route opens an avenue to deposit different kinds of MOF crystals on various substrates, especially for those MOF crystals with fast growth kinetics. The core-shell structured ZIF-8@ZIF-67/GO nano-sandwiches are further proved to be an excellent precursor to fabricate a highly-efficient cobalt/Ndoped carbon-based catalyst for electrochemical oxygen reduction reactions. As the core-shell structured ZIF-8@ZIF-67 on GO combines the advantages of both ZIF-8 and ZIF-67, and their derived catalysts show higher catalytic performance than those derived from GO/ZIF-8 and GO/ZIF-67. We believe that this strategy using core-shell structured MOFs as precursors can be applied for the synthesis of many other functional materials and offers an alternative route to fabricate novel MOF-derived materials for the applications of energy conversion and storage.
